Lignocellulose, the major constituent of plant cell walls, is the most abundant and renewable biomass on Earth.
1) It is a complex of polysaccharides (i.e., cellulose and hemicellulose) and amorphous aromatic polymers (i.e., lignin). Although most animals cannot utilize lignocellulose as a nutrient, termites are known as significant pests in wood-based architecture all over the world. They can digest 74-99% of the cellulose in wood, 2) which is a linear homopolymer of glucose linked by -1,4 glycosidic bonds. The mechanism by which termites digest cellulose was proposed recently. Nakashima et al. 3) found that cellulases, secreted from the salivary glands and symbiotic flagellates, act independently on cellulose in the digestive tract of the lower termite Coptotermes formosanus. This dual cellulose digestion system appears to result in high digestibility of cellulose. On the other hand, higher termites, which do not have symbiotic protists in the guts, are believed to digest cellulose with endogenous cellulases in the midgut 4, 5) and also with bacterial cellulases in the hindgut. [5] [6] [7] In plant cell walls, cellulose is generally surrounded by hemicellulose, which is, in turn, chemically connected with lignin.
2) This structure physically prevents cellulose from enzymatic hydrolysis in situ, 8, 9) and hence studies of hemicellulolytic systems are important in order to elucidate the true cellulolytic system in termites. Hemicellulose is a general term for noncellulosic polysaccharides in plant cell walls, and includes xylan, mannan, galactan, and arabinan. Among these, xylan is the principal type of hemicellulose. 10) It is a linear polymer of -D-xylopyranosyl units linked by -1,4 glycosidic bonds. An enzymatic complex is responsible for the hydrolysis of xylan, but the main enzymes involved are endo--1,4-xylanase (or xylanase; EC 3.2.1.8) and -xylosidase (or xylosidase; EC 3.2.1.37). 10, 11) Xylanase activities have been demonstrated in the hindgut of the lower termite Reticulitermes speratus, 12) which harbors protozoan and prokaryotic microbes. Removal of the symbiotic flagellates from the termites resulted in a loss of xylanolytic activity, 12) suggesting that the xylanase activities originate in the symbiotic flagellates. Recently, a comprehensive EST analysis of the symbiotic protists was reported in R. speratus. It implied that the intestinal flagellates express diverse putative xylanase genes, 13) but it is uncertain whether all of these gene products are involved in xylan degradation. Hence the investigation of xylanases in termites from functional enzymes in vivo to the corresponding DNA is also of great interest.
C. formosanus is one of the most destructive pests in the southern part of Japan as well as in the United States.
14) The termites harbor three protozoan species in the hindgut (i.e., Pseudotrichonympha grassii, Holomastigotoides mirabile, and Spirotrichonympha leidy). The contributions of these protists to cellulose decomposition have been well studied by several researchers. 3, [14] [15] [16] [17] [18] [19] Xylanolytic activities of C. formosanus were previously detected in the gut, 20) but the details have yet to be clarified. In the present paper, we describe the purification of three functional xylanases from C. formosanus for the first time. Furthermore, we report the molecular cloning of the corresponding xylanase cDNAs, which were detected in the symbiotic flagellate inhabiting the hindgut.
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Materials and Methods
Termites. C. formosanus were collected in Urasoe, a city on Okinawa Island, Japan, and were maintained as previously described. 4) For chromatographic purification, both workers and soldiers of C. formosanus were collected in 50-ml tubes and kept at -80 C until use.
Preparation of extracts for enzymatic assays. The salivary glands and the whole gut were dissected from an individual worker-caste termite. The gut was divided into the foregut, the midgut, and the hindgut. The salivary glands and each of the gut sections were put into 1.5-ml microtubes and homogenized as previously described, 5) in 20 ml of 100 mM sodium acetate buffer (pH 5.5) at 4 C. The samples were then centrifuged at 20;000 g for 15 min at 4 C. Supernatants were diluted to 500 ml with the buffer and used in enzymatic assays. Twelve replicates were made for the assays.
Endo--1,4-xylanase assay. In the xylanase assay, 25 ml of enzymatic samples were incubated with 100 ml of 0.25% (w/v) beech wood xylan (Sigma-Aldrich, St. Louis, MO) in 100 mM sodium acetate buffer (pH 5.5) for 5 min at 37 C. The enzymatic reaction was terminated by the addition of 800 ml of tetrazolium blue reagent, which was used to detect reducing sugars. 21) To estimate the amount of reducing sugars produced, the samples were heated for 5 min at 95 C on a heating block, and then the absorbance at 660 nm was measured using a spectrophotometer. One unit of enzyme activity was defined as the amount of enzyme that produces 1 mmol of reducing sugar (xylose equivalent) per min.
Protein measurement. The protein content of the samples was determined by the direct UV method of absorbance at 280 and 260 nm 22) using bovine albumin as the standard.
Preparation of crude extracts for chromatographic purification. To obtain a sufficient amount of termites for xylanase purification, individuals present in a log were collected without caste selection. In total, 8.3 g of termites were homogenized in 83 ml of ultrapure water using a Polytron mixer (Kinematica AG, Littau, Switzerland). After centrifugation of the homogenate at 1;500 g for 3 min, the supernatant was recovered and adjusted to pH 4.0 with 1 M acetic acid. To remove lipids and precipitates, the solution was further centrifuged at 3;000 g for 5 min. The recovered supernatant was filtered using a membrane filter unit Millex-GV with a 0.22 mm pore size (Millipore, Bedford, MA). Henceforth, the filtrate is referred to as a crude extract. During chromatography procedures, xylanase activities were measured at a small scale. Briefly, 5 ml of the enzyme samples were incubated with 20 ml of 0.25% (w/v) beech wood xylan in 100 mM sodium acetate buffer (pH 5.5) for 5 min at 37 C. Tetrazolium blue reagent (200 ml) was added to the reactions. Then, the reactions were heated at 95 C for 5 min. Photometric measurement was performed using a microplate reader (Model 680, Bio-Rad, Hercules, CA) at 655 nm.
Ion-exchange chromatography. All column chromatography was carried out at 4 C using an Ä KTA explorer 10S chromatography system (GE Healthcare, Buckinghamshire, UK). The protein concentration and conductivity (mS/cm) of effluents were measured by UV and with conductivity meters, included in the chromatography system. Purification of xylanases from the termite whole bodies was performed using cation exchange chromatography columns: a HiLoad 26/10 SP Sepharose High Performance column and a 5/50 Mono-S column (GE Healthcare). In both cases, 100 mM sodium acetate buffer (pH 4.0) was employed for the starting buffer, and 1 M NaCl in the same buffer was prepared for elution. Initially, the crude extract was applied onto a HiLoad 26/10 SP Sepharose High Performance column equilibrated with the starting buffer and eluted with a 600 ml linear gradient to 50 mM NaCl, at a flow rate of 1.0 ml/min, with collection of 10-ml fractions. The peaks of xylanase activities were pooled separately. Each of the peak fractions was applied onto a 5/50 Mono-S column equilibrated with the same starting buffer and eluted with a 20-ml linear gradient to 100 mM NaCl, at a flow rate of 0.5 ml/min, with collection of 1-ml fractions.
Gel filtration chromatography. The xylanases purified with the cation exchange columns were applied onto a gel filtration column (HiLoad 16/60 Superdex 200 prep grade column, GE healthcare), and equilibrated and eluted with 0.5 M sodium acetate buffer, pH 5.5, at a flow rate of 0.5 ml/min, with collection of 2.0-ml fractions.
SDS-PAGE and blotting onto PVDF membrane. Active fractions eluted from the gel filtration were desalted and concentrated with 4 volumes of cold (À20 C) acetone. Precipitates were recovered by centrifugation at 20;000 g for 30 min and vacuum-dried. The samples were dissolved in 20 ml of Laemmli's sample buffer (Bio-Rad) containing 5% v/v 2-mercaptoethanol, and denatured at 100 C for 5 min. Protein standards (Precision Plus Dual Color Protein Standards, Bio-Rad) and these samples were run on a 15% SDS-PAGE gel at a constant current of 20 mA for 90 min with a Pagerun electrophoresis apparatus (ATTO, Tokyo). The protein bands were blotted onto a PVDF membrane and stained with Coomassie Brilliant Blue R250, as previously described. 23) RACE (rapid amplification of cDNA ends) of endo--1,4-xylanase. Following SDS-PAGE and transblotting, each of the purified proteins on the PVDF membrane was excised and sequenced from the N-terminus using a protein sequencer (Procise 492cLC, Shimadzu, Kyoto, Japan). Based on the conserved position of the N-terminal partial amino acid sequences of the purified xylanases, a CfXyn degenerate primer [5 0 -GAY AAY GGI TAY TAY TTY WSI TTY TGG AC-3 0 ] was designed for 3 0 -rapid amplification of cDNA ends (RACE). For 5 0 -RACE, gene specific reverse primers were designed based on the nucleotide sequences of the 3 0 -RACE products (Table 1) . Further, gene-specific primers were designed based on the internal sequences of the RACE products (Table 1) .
Messenger RNAs were purified from five hindguts using a QuickPrep Micro mRNA purification kit (GE Healthcare). First-strand cDNA templates were prepared using a SMART RACE Amplification Kit (Clontech, Mountain View, CA), as previously described. 24) 5 0 -and 3 0 -RACE were performed according to the manufacturer's instructions.
DNA sequencing. The amplified fragments were purified using a Wizard PCR preparations DNA purification system (Promega, Madison, WI) and ligated with pGEM-T (Promega), as previously described.
4) The ligated plasmids were transformed into Escherichia coli strain DH5, and positive transformants were selected on LuriaBertani medium agar plates, as previously described.
25) The inserted DNA was directly amplified from the positive clones, and purified DNA was sequenced using an ABI PRISM BigDye Terminator cycle sequencing kit Ver. 3.1 (Applied Biosystems, Foster City, CA) with a DNA sequence system (Model 3100 or 3130, Applied Biosystems). The DNA sequences obtained have been deposited in the DDBJ/ EMBL/GenBank database under the following accession numbers: AB469372 and AB469373 for CfXyn1-1 and 1-2, AB469374 and AB469375 for CfXyn2-1 and 2-2, and AB469376 for CfXyn3.
Reverse transcription-PCR for detection of the distribution of xylanase mRNA in the digestive tracts and the symbiotic protozoa. The salivary glands and whole guts were removed from five workers, and the guts were divided as described above. Messenger RNA purification, transcription to cDNA, and reverse-transcription PCR (RT-PCR) were performed using the same procedure as the 3 0 -RACE method using the CfXyn degenerate primer. The temperature regimen of the RT-PCR was 1 cycle of 95 C/2 min (denaturing), followed by 30 cycles of 95 C/5 s (denaturing), 55 C/10 s (annealing), and 72 C/ 1 min (extension). The amplified DNA fragments were examined by 2% agarose gel electrophoresis. Insect elongation factor 1 was used as the positive control, as previously described. 4, 26) To determine which protozoan species expressed the corresponding xylanase genes, RT-PCR analysis using each protozoan species as a template was performed. The contents of the hindgut of C. formosanus were suspended in 0.22 mm, filter-sterilized Tragar's Solution U.
27) The cells of each flagellate were manipulated from the suspension using a micromanipulation system (Narishige, Tokyo). Then the protist cells were released into fresh solution U, and manipulated again. To avoid contamination by other protists and to minimize free-living bacteria, this process was repeated at least 4 times, until only a single cell of protist was present in the solution. Finally, two cells of P. grassii, five cells of H. mirabile, or 40 cells of S. leidyi were used in the experiment. The isolated cells were transferred into a reaction mixture containing 1 ml of dNTP Mix (10 mM each) and 1 mM 3 0 -CDS Primer (Clontech). First-strand cDNA was synthesized with reverse transcriptase (Superscript II, Invitrogen) in a final volume of 20 ml, according to the manufacturer's instructions. The RT-PCR reaction mixture (20 ml) consisted of 0.6 ml of dNTP Mix (10 mM each), 2 ml of 10 Â Pfx50 PCR Mix, Pfx50 DNA Polymerase (1 unit), 0.3 mM forward primer, 0.3 mM reverse primer, and 0.5 ml of reverse-transcribed product. The temperature regimen was 1 cycle of 94 C/2 min (denaturing), followed by 35 cycles (CfXyn2, CfXyn3, and controls) or 40 cycles (CfXyn1) of 94 C/15 s (denaturing), 62 C/30 s (annealing), and 68 C/30 s (extension). The amplified DNA fragments were examined by 2% agarose gel electrophoresis. Primers for PgCBHhomo, HmEG1, and elonase cDNAs were used as positive controls (more details are described in Table 1 ).
Results
Distribution of xylanase activities in the gut of C. formosanus
The xylanase (endo--1,4-xylanase) activities in the salivary glands and the intestinal tract are shown in Table 2 . The activity was predominantly present in the hindgut (88%), while 11% of total xylanase activity was detected in the midgut. On the other hand, only a trace of xylanase activity was detected in the salivary glands and the foregut. Figure 1 shows the elution profiles of proteins and xylanase activity from a SP-Sepharose column onto which the crude extract of C. formosanus was applied. Three major peaks of xylanase activity were eluted, at 4.5 mS/cm (CfXyn1), 5.0 mS/cm (CfXyn2), and 5.7 mS/cm (CfXyn3) (Fig. 1) . Although a small amount of xylanase activity (5.8 units) was not adsorbed onto the column (Fig. 1) , it consisted of only 13% of the total xylanase activities eluted. 
Purification of xylanases by column chromatography
Abbreviations for positions with degenerate nucleotide positions are as follows: Y for C+T, R for A+G, M for A+C, S for C+G, and N for A+T+G+C.
The pooled fractions corresponding to CfXyn1, CfXyn2, and CfXyn3 were applied onto a Mono-S column separately (Fig. 2) . CfXyn1, CfXyn2, and CfXyn3 were eluted at 4.3 mS/cm, 4.8 mS/cm, and 5.4 mS/cm from the Mono-S column respectively (Fig. 2) . Each of the xylanase components was further purified using a gel-filtration column. CfXyn1, CfXyn2, and CfXyn3 were eluted at 97 ml, 98 ml, and 97 ml from Superdex-200 respectively (Fig. 3) . The purification of CfXyn1, CfXyn2, and CfXyn3 is summarized in Table 2 . CfXyn1, CfXyn2, and CfXyn3 were purified to 204-fold, 346-fold, and 416-fold respectively, as compared to the crude extract (Table 3) .
After gel filtration, SDS-PAGE was performed to confirm that the xylanase components were purified to homogeneity (Fig. 4) . The apparent molecular weights of CfXyn1, CfXyn2, and CfXyn3 were estimated to be 19 kDa, 17 kDa, and 18 kDa, by comparing their mobility with protein standards (Fig. 4) .
N-Terminal amino acid sequence
Twenty N-terminal amino acid residues were determined by sequencing the pure proteins. The three xylanase components showed conserved amino acid sequences, except for one or two residues, CfXyn1 (AXLSSSQTGNDNGYYYSFWT), CfXyn2 (AXLSSS-QTGTDNGYYFSFWT), and CfXyn3 (AXLSSSQTG-TDNGYYYSFWT), where X was assumed to be a cysteine residue or a modified amino acid. A BLAST search showed that these amino acid sequences have the highest similarity to Chaetomium gracile endo--1,4-xylanase (Genbank D49851).
Rapid amplification of cDNA ends
The N-terminal sequences determined were used to design a degenerate primer for 3 0 -RACE that resulted in fragments of about 690 bp being amplified from hindgut mRNA. These fragments were cloned into E. coli and sequenced. Of 66 clones, 10 slightly varying sequences were found, of which five appeared to have been produced due to Taq errors. Then gene specific primers were designed to perform 5 0 -RACE, which determined the full length of the DNA sequences. The five sequences obtained were 688 to 761 bp in length (excluding polyA þ tails) (Fig. 5) , and two of them encoded an identical protein. Hence these sequences were assumed to encode four proteins of 202 or 201 amino acids that revealed 85 to 95% identity to each other. As shown in Fig. 6 , the deduced amino acid sequences are consistent with the N-terminus of either CfXyn1, CfXyn2, or CfXyn3. The first 11 amino acids of CfXyn1 and 10 amino acids of CfXyn2 and CfXyn3 at the N-termini are absent in purified xylanases and have strong hydrophobicity, suggesting that these sequences are signal peptides. The calculated molecular weights, excluding the signal peptides (the catalytic domains), were 20.5 kDa, 20.4 kDa, and 20.4 kDa for CfXyn1, CfXyn2, and CfXyn3 respectively.
Glycoside hydrolases are currently classified into 112 families (GHF) based on amino acid sequence similarities, which reflect a direct relationship between sequences and folding similarities. [28] [29] [30] According to BLASTX homology analyses, CfXyn1, CfXyn2, and CfXyn3 showed the highest identities (68%, 69%, and 68% respectively) to the uncultured bacterium GHF11 precursor (Genbank EU591742). A nucleophile and a proton donor thought to be involved in catalysis in all GHF11 members were conserved in CfXyn1, CfXyn2, and CfXyn3 (Fig. 6) , suggesting that these xylanases are affiliated with GHF11. No putative carbohydrate-binding modules or linker sequences to the catalytic domains were detected.
Origin of the xylanase genes Messenger RNA was extracted from the salivary glands and each gut position. RT-PCR using the degenerate CfXyn primer resulted in a single band only in the hindgut (Fig. 7) , strongly suggesting that the Values are means of three determinations. One unit is the amount of enzyme that produced 1 mmol of reducing sugar (xylose equivalent) per min. xylanase genes originated in the symbiotic flagellates. Hence each symbiotic protozoan species was manipulated to perform further RT-PCR using xylanase-specific primers. The expected DNA fragment was amplified from Holomastigotoides mirabile (Fig. 8) .
Discussion
The present study indicates that 88% of total xylanase activities in the digestive system of C. formosanus were present in the hindgut. Since a predominance of xylanolytic activities in the hindgut has also been observed in R. speratus, 12) it might be a common feature for the lower termites to digest xylan in the hindgut. The hindgut epithelial cells of termites are covered with thick cuticular layers and do not show secretory features. 31, 32) Therefore, the xylanolytic activities of C. formosanus are most likely to originate in symbiotic microbes inhabiting the hindgut. On the other hand, the present study indicates that 11% of total xylanase The columns colored in a black ground and white font represent the correspondence of the DNA in the column. activities occurred in the midgut. Since an enteric valve 33) can prevent the backflow of xylanase from the hindgut into the midgut, the xylanase activity in the midgut might differ from that in the hindgut. Although we cannot exclude the possibility that xylanase is produced in the midgut, a previous study revealed that a partially purified endo--1,4-glucanase in the midgut of termites also hydrolyzed xylan. 34) It has been noted that C. formosanus has a large amount of endo--1,4-glucanase activity in the midgut, as compared with other termites. 4) Hence the xylanolytic activity in the midgut of C. formosanus might be attributable to this endo--1,4-glucanase activity.
By a combination of ion-exchange and gel-filtration chromatography, three major xylanase components (CfXyn1, CfXyn2, and CfXyn3) were purified to homogeneity. The elution profile of xylanase activities from whole termites on the SP-Sepharose column implies that these three peaks consist of 87% of the total xylanase activity eluted. This result suggests that these xylanases are the major components involved in xylan degradation in the gut of C. formosanus. The N-terminal amino acid and the corresponding cDNA sequences of CfXyn1, CfXyn2, and CfXyn3, which belong to GHF11, revealed high similarities. Although there were slight differences (1 to 3 kDa) between the apparent and the calculated molecular weights of the purified and deduced xylanases, the chemical properties of the constituent amino acids might have affected their mobility during SDS-PAGE analysis.
The amino acid sequences indicated that the xylanases consisted of signal peptides and catalytic domains. Since the cDNA was prepared by affinity purification of mRNA against polyA þ tails and by reverse transcription using an oligo dT-based primer, the xylanases are most likely of eukaryote origin. Recently, EST analysis of the hindgut of R. speratus suggested that putative GHF10 and GHF11 xylanase genes are expressed by symbiotic fauna, 13) but their actual functions remain to be clarified. The present study indicates that all the purified xylanase components are GHF11 members and that their sequences are very similar to each other. It is unlikely that diverse GHF10 and GHF11 members actively take part in xylan degradation in C. formosanus, although the genetic diversity of xylanases in this termite should be assessed in the future.
RT-PCR analysis indicated that the xylanase genes are expressed in the hindgut. This result is consistent with the distribution of xylanase activities in C. formosanus, suggesting that the major xylanases are produced only by the symbiotic flagellates in the hindgut. The amino acid sequences of the xylanases imply that the xylanases consisted of signal peptides and catalytic domains. The hydrophobic signal peptides usually suggest that the mature proteins are secreted from the cells, 35) but in the case of termite protists, active secretion of various granules into the food vacuoles has been observed. 36) A lack of carbohydrate-binding domains suggests that the enzymes act against substrates condensed in food vacuoles so that the enzymes do not diffuse without the carbohydrate-binding domains. The present results of RT-PCR analysis indicate that multiple xylanases are expressed in H. mirabile, the middle-sized protist as compared to the other two flagellates. Since no amplification was detected in the other samples, contamination of the xylanase genes from free-living bacteria can be excluded. On the other hand, the intestinal protists in termites are known to harbor bacterial ecto-and endosymbionts, 37) which raises the possibility that the DNA fragments of the xylanases were amplified from these bacteria. However, no amplification of the xylanase DNA fragments was observed without reverse transcription using the oligo-dT based 3 0 -CDS primer (results not shown), suggesting that the amplicons originated in eukaryotic mRNA. In addition, it is unlikely that the xylanase DNA fragments were amplified from genomic DNA of the bacterial symbionts, because a large number of a bacterial phylotype in/on a protist cell 37) should provide a high copy number of its genes as PCR template. These data strongly suggest that H. mirabile has xylan digestion systems. H. mirabile also possesses cellulase genes 16) and ingests wood particles. 15) Thus it is likely that H. mirabile is an important species in terms of both cellulose and hemicellulose digestion.
The present study suggests that symbiotic flagellates contribute significantly to hemicellulose degradation in C. formosanus. Although termites are known to be efficient wood-decomposers, our knowledge of the mechanisms by which this is accomplished is still limited. Lignin is a physical barrier to cellulases. Recently, lignin degradation in termites has been suggested, 38) but the main structure of lignin is likely to remain during the lignocelulolytic process of C. formosanus. 39) Some modifications of the lignin-carbohydrate complex were suggested in H. hartomanni (= H. mirabile). 39) Hence we consider that further investigation of hemicellulolytic systems, investigation that can discriminate between lignin and cellulose, are important to understanding how termites enhance cellulose digestion in their guts. PCR with the degenerate primer was performed using reverse transcripts prepared from the salivary glands and the various gut positions as templates. S, salivary grands; F, foregut; M, midgut; H, hindgut. PCR with primers specific to CfXyn1, CfXyn2, and CfXyn3 was performed using reverse transcripts from each hindgut protozoan species as a template. Lane 1, P. grassii; lane 2, H. mirabile (a synonym for H. hartomanni); lane 3, S. leidyi; lane 4, total cDNA of the hindgut; lane 5 Solution U 27) without any flagellates.
